Sinuous antennas are capable of producing ultrawideband radiation with polarization diversity. This capability makes the sinuous antenna an attractive candidate for UWB polarimetric radar applications. Additionally, the ability of the sinuous antenna to be implemented as a planar structure makes it a good fit for close in sensing applications such as ground penetrating radar. However, recent literature has shown the sinuous antenna to suffer from resonances which degrade performance. Such resonances produce late time ringing which is particularly troubling for pulsed close in sensing applications. The resonances occur in two forms: log-periodic resonances on the arms, and a resonance due to the sharp ends left by the outer truncation. A detailed investigation as to the correlation between the logperiodic resonances and the sinuous antenna design parameters indicates the resonances may be mitigated by selecting appropriate design parameters. In addition, a novel truncation method is proposed to remove the sharp end resonance.
I. INTRODUCTION
The sinuous antenna was first published in a patent by DuHamel in 1987. The patent describes the sinuous antenna as a combination of spiral and log-periodic antenna concepts which resulted in a design capable of producing ultrawideband (UWB) radiation with polarization diversity [1] . The use of sinuous antennas in polarimetric radar systems [2] is especially intriguing due to the ability of the four arm sinuous antenna to produce dual polarized radiation over wide bandwidths. Other wideband antenna designs such as quadridge horn, Vivaldi, and resistive-vee [3] antennas provide similar capabilities. However, they require relatively large and often complex three dimensional structures in order to produce orthogonal senses of polarization. Alternatively, the sinuous antenna may be implemented as a planar structure. The combination of polarimetric capabilities with a low profile make the sinuous antenna attractive to close-in sensing applications such as ground penetrating radar (GPR).
Although sinuous antennas provide the desirable properties described above, the antennas can suffer from resonances which degrade performance. The sharp ends produced by the outer truncation of the antenna have been shown to resonate when their length is approximately λ/2 which produces both pattern distortion and ringing in the time domain [4] . Further, log-periodic resonances occurring internal to the sinuous arms have been observed and shown to produce additional ringing as well as deleterious effects on gain smoothness, polarization purity, and group delay [4] , [5] .
II. SIMULATIONS
Sinuous antennas are comprised of N arms each made up of P cells where the curve of the p th cell is described in polar coordinates (r, φ) by
where R p+1 ≤ r ≤ R p [1] . In (1), R p controls the outer radius, τ p the growth rate i.e., R p+1 = τ R p , and α p the angular width of the p th cell. The curve is then rotated ± the angle δ in order to fill out the arm. In this analysis, four arm (N = 4) sinuous antennas are considered with α and τ kept constant for all cells and δ set to 22.5 • in order to produce self-complementary structures. The self-complementary condition ensures that the sinuous antenna's input impedance is both real and frequency independent [6] . The antenna is fed by a self-complimentary arrangement of orthogonal bow-tie elements each feeding a set of opposing sinuous arms. In order to investigate the resonances, a full-wave electromagnetic analysis of the sinuous antenna was conducted using the CST Microwave Studio frequency-domain solver with adaptive meshing. Both pairs of opposing sinuous arms were terminated by an ideal port set to the theoretical impedance of 267 Ω [6] . A single pair was then driven, with the other pair remaining matched, in order to produce linearly polarized radiation. The resulting co-polarized realized gain is shown in Fig. 2 (Design 1) and displays prominent resonances. The resonance at approximately 1.7 GHz is attributed to the sharpends of the antenna [4] and the additional resonances starting at 2.9 GHz are log-periodic in frequency and attributed to interactions between adjacent arms. A parametric study of both the angular width α and expansion ratio τ was conducted in order to determine correlation with the log-periodic resonances. The study resulted in a large amount of data which motivated the development of a gain smoothness metric for quantifying the effectiveness of each parameter combination at mitigating the log-periodic resonances. The metric M is the root mean squared error between the co-pol realized gain and its N -point simple moving average as
where in this case f start ≈ 3 GHz, f stop = 10 GHz and N = 31 (600 MHz wide). The actual starting frequency was adjusted for each design to ensure all the log-periodic resonances were included and not the resonance due to the sharp end. The results of the metric are shown in Fig. 3 and indicate that the gain smoothness converges at approximately α = 45 • for all values of τ . Further, the performance of α values larger than 45 • is noticeably better for some values of τ , with τ = 0.825 giving the best results. Therefore, the value of τ may be optimized to minimize the resonances for applications when α values larger than 45 • are desirable. The low-frequency roll off of the antenna is inversely proportional to α -making larger values of α valuable for some applications. The traditional outer circular truncation of sinuous antennas produces a sharp end that resonates at a low frequency. It has been proposed that this end be removed to avoid such resonances [4] ; however, this breaks the self-complementary nature of the antenna. An alternative truncation is to move the circular truncation radius R T to the tip of the outermost cell as illustrated in Fig. 1 . This new truncation technique maintains the self-complementary nature of the antenna without producing resonate sharp ends. Although the outer diameter of the antenna decreases, the design parameters τ and R 1 may be appropriately scaled to compensate. Utilizing the design guidance developed herein, a sinuous antenna was derived to produce smooth radiation over frequency. The simulated realized gain is plotted in Fig. 2 (Design 2) and shows the resonances have been successfully mitigated by proper selection of design parameters and outer truncation method. The smooth gain prevents ringing in the time domain when utilized for pulsed UWB applications.
III. SUMMARY In this paper, an analysis of the relationship between the sinuous antenna design parameters and resonances in the radiation was presented. It was determined that the resonances may be eliminated by proper selection of both the design parameters and outer truncation method. The optimal value of α was slightly impacted by the choice of expansion ratio τ but converged at approximately 45 • for all the designs investigated. These results are corroborated by design guidance provided in [7] . Mitigation of the resonances by the proposed techniques provides advantages over other those proposed in the literature [4] since the antenna remains self-complimentary and does not require any special modification.
